44 How mosquitoes determine which individuals to bite has important epidemiological 45 consequences. This choice is not random; most mosquitoes specialize in one or a few 46 vertebrate host species, and some individuals in a host population are preferred over 47 others. Here we show that aversive olfactory learning contributes to mosquito preference 48 both between and within host species. Combined electrophysiological and behavioural 49 recordings from tethered flying mosquitoes demonstrated that these odours evoke changes 50 in both behaviour and antennal lobe (AL) neuronal responses. Using electrophysiological 51 and behavioural approaches, and CRISPR gene editing, we demonstrate that dopamine 52 plays a critical role in aversive olfactory learning and modulating odour-evoked responses 53 in AL neurons. Collectively, these results provide the first experimental evidence that 54 olfactory learning in mosquitoes can play an epidemiological role. 55 56 57 58 59 60 61 62 63 64 65 66 109
Introduction 67
Mosquitoes are notorious for their proclivity in host species preferences, and as some of us can 68 attest, certain individuals are preferred over others (1-3). In addition, many mosquito species can learn the association between the shock and a single host-related odorant. Twenty-four hours 140 after training, mosquitoes remembered the association between the mechanical shock and octenol Aversive learning modifies odour-guided feeding preferences and tethered 148 flight responses 149 Evidence that learning modifies mosquito olfactory flight preference does not necessarily mean 150 that biting and landing preferences might also be modulated. To examine this, we trained groups 151 of mosquitoes using our aversive learning paradigm ( Fig. 1A) and released them into a cage in 152 which they had access to two artificial feeders filled with heparinized bovine blood (37° C); one 153 feeder was scented with octenol while the other was unscented ( Fig. 2A ). Significantly fewer 154 trained mosquitoes landed on the octenol feeder compared to the control feeder (p<0.0001, 155 binomial test; Fig. 2B ). Once they landed, an equal proportion of trained mosquitoes initiated 156 probing on the two feeders (p=0.32, paired Student's t-test, n=10; t=-1.03; Fig. 2C ), although we 157 did observe a tendency for the mosquitoes to feed more on the control feeder than the octenol 158 6 feeder (24.6 % and 15.6 % of mosquitoes that landed initiated feeding, respectively; p=0.057, 159 binomial test; Fig. S3 ). By contrast, naive mosquitoes demonstrated no preference in their 160 landing and biting responses to the two feeders (p=0.22, binomial test). The unpaired group 161 showed a slight but significant increase in the proportion of mosquitoes that landed on the 162 scented feeder (p=0.002, binomial test), suggesting that prior exposure to octenol modified their 163 responses in this context. Together, these results suggest that olfactory learning mediates long-164 (>1 m) and short-range (~0.1 m) discrimination by the mosquitoes, but once they land, other cues 165 (e.g. heat, water vapour) may partially override these responses (21, 22) . 166 To better understand how learning modulates flight responses and to determine whether 167 mosquitoes fly while tethered (thereby allowing simultaneous behavioural analysis and 168 electrophysiological recordings from the AL), we positioned mosquitoes in the centre of a virtual 169 LED arena where they were tethered by the thorax and maintained in a laminar airflow ( Fig. 2D) . 170 An infrared (IR) light and a two-sided IR sensor allowed real-time measurements of the 171 mosquitoes' wingstroke frequency, amplitude, and turning tendency. Results showed that Classical insect models for studying learning and memory have shown that dopamine is a key 178 neuromodulator involved in aversive learning (23) (24) (25) (26) . To test whether dopamine is also 179 implicated in aversive learning in mosquitoes, we used several ways to manipulate dopamine Fig. S2 ), suggesting that dopamine receptor manipulation did not affect 198 mosquito flight-motor responses. However, it is worth noting that dsRNA-injected mosquitoes 199 and DOP1 mutants were significantly less aroused to the odours than the other treatment groups 200 (p<0.05, binomial test; Fig. S2 ). Nonetheless, when these dopamine-impaired mosquitoes were 201 tested against CO2 or human host odours, they all showed significant attraction (p<0.05, binomial 202 test; Fig. 3C ,D), revealing that manipulating the dopamine receptors impaired their ability to 203 learn aversive information but did not affect their innate olfactory behaviour.
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Given the inability to learn octenol by the DOP1 mutants, how might they respond to 205 human scent that contains hundreds of volatiles that are highly attractive to mosquitoes? Results 206 showed that naive DOP1 mutants were significantly attracted to the scent of human hosts that 207 were also attractive to wild type mosquitoes (male#1, #2 and female #1; p<0.05, binomial test; 208 Figs. 3D, S1). Trained DOP1 mutants failed to learn the association between the shock and 209 human odours, exhibiting similar behavioural responses to the naive mosquitoes (p=0.79 when 210 compared to the naïve CRISPR tested against human odours, binomial test; Fig. 3D ). Moreover, 211 responses by the trained DOP1 mutants contrasts those of the trained wild type mosquitoes, 212 which showed learned aversive responses to those same hosts ( Fig. 1D ).
214
Odour stimuli are learned and represented distinctly in the mosquito brain 215 Given the differences in mosquito olfactory preferences between human and vertebrate hosts and 216 previous work showing that only certain odour stimuli can be learned (12), we next examined 217 how mosquitoes learn different odorants and how odour stimuli are represented in the brain.
218
Twenty-four hours after training, behavioural responses showed that mosquitoes did not learn all 219 odorants equally. For example, whereas responses to nonanol were not influenced by aversive 
241
Interestingly, the behavioural state (i.e. flying or non-flying) had a significant effect for units that 242 showed suppressed firing activity when stimulated with an odour (p<0.01, Kruskal-Wallis rank 243 sum test, χ 2 =6.95) but not for units that showed excitatory responses (p=0.51, Kruskal-Wallis 244 rank sum test, χ 2 =0.44). It is also worth noting that the spontaneous activity of units was slightly 245 (but not significantly) higher when the mosquitoes were flying (p=0.083, Kruskal-Wallis rank 246 sum test, χ 2 =3.01).
247
At the neural population level, ensemble responses showed distinct clustering in the 248 multivariate (Principal Component Analysis) space based on the type and chemical class of the 249 olfactory stimuli (p<0.001, Kruskal-Wallis rank sum test, χ 2 =12.19; Fig 4E) . For example, 250 10 monoterpenes and aromatics like D-limonene, β-myrcene, benzaldehyde, and cresol occupied a 251 distinct region of the olfactory space relative to the aliphatic acids, alcohols, and aldehydes. By 252 contrast, odour stimuli that evoked strong responses across the ensemble (DEET, ammonia, and 253 breath) were grouped together and were significantly different from the other odorants (p<0.001,
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Kruskal-Wallis rank sum test, χ 2 =11.57), demonstrating that the AL neural ensemble can 255 generalize among and discriminate between olfactory stimuli. To examine how dopamine modulates the processing of olfactory information, we first used 259 immunohistochemistry to examine dopaminergic innervation (via tyrosine hydroxylase, a 260 dopamine precursor) in the mosquito brain. We found extensive dopaminergic innervation across 261 the brain but particularly concentrated in the ALs and lateral protocerebrum, including the 262 mushroom bodies ( Fig 5A) , which are centres that mediate olfactory learning and memory in 263 insects (27, 28) . Dopaminergic innervation is heterogeneous in the AL, with some glomeruli 264 being more innervated than others, including the MD2 glomerulus that receives input from the To test for the neuromodulatory role of dopamine in mosquitoes, we simultaneously (29, 30) , and previous studies have documented interindividual 291 differences in attractiveness to mosquitoes (2), as well as an ability for mosquitoes to shift 292 species when their preferred host is no longer available (4,31). Despite these studies, the 293 processes mediating these mosquito behaviours have remained unclear (32) . Here we show that 294 learning can contribute to these host shifts, and that their direction seems to be driven by the 295 composition of the host odour. In particular, our results show that human individuals that are 296 12 highly attractive to mosquitoes are the ones that mosquitoes can learn to avoid. Mosquito 297 learning may thus partially explain host preference heterogeneity and flexibility, and it may also 298 elucidate which olfactory channels mediate these changes. 299 Here in this study we employed an integrative approach to demonstrate that mosquito Gas Chromatograph coupled to a Mass Spectrometer (GCMS). Fibers were exposed to host 365 volatiles for 1 hr before being run on the GCMS. 366 Liquid samples were injected (or SPME fibers were exposed) into an Agilent 7890A gas 367 chromatograph (GCMS) with a 5975C Network Mass Selective Detector (Agilent Technologies, 368 Palo Alto, CA, USA). A DB-5 GC column (J&W Scientific, Folsom, CA, USA; 30 m, 0.25 mm, 369 0.25 μm) was used, and helium was used as the carrier gas at a constant flow of 1 cc.min−1. The 370 oven temperature was 45° C for 3.75 min, followed by a heating gradient of 10 degrees.min -1 to 371 250° C, which was then held isothermally for 10 min. Chromatogram peaks were manually 372 integrated using the ChemStation software (Agilent Technologies), tentatively identified by the 373 NIST library before verification using Kovats Indices and synthetic standards. were allowed to acclimate for 1 min in the absence of stimulation, except for the delivery of a 378 clean air at 30 cm.s -1 , room temperature (23° C) and relative humidity (50%). Mosquitoes were 379 then simultaneously exposed to the olfactory stimulus (e.g., octenol at 140 mM; equivalent to the 380 concentrations used in other mosquito training experiments (12)) and a mechanical shock that 381 was delivered for 30 sec by a vortexer (Thermo Fisher Scientific, Waltham, MA, USA) at 1.65 g 382 at 44 Hz. Forces were scaled to host defensive behaviours that occur when a human slaps his/her 383 arm to drive off biting mosquitoes (Fig. 1A) as well as exposing mosquitoes to a strong 384 mechanical perturbation without damaging their wings or causing apparent physiological and/or 385 physical damage. Mosquitoes were exposed to ten training trials, each separated by a 2 min Behavioral testing in the olfactometer. We used a custom-made, Plexiglas® Y-maze 398 olfactometer to evaluate and compare mosquito responses to different odour stimuli, as 399 previously described (12) (Fig. 1B) . Briefly, the olfactometer comprised of a starting chamber, with water followed by 70% and then 100% ethanol to avoid any contamination between 410 experiments. Finally, to avoid any biases, the side of the stimulus and control arms was 411 randomized daily.
412
Testing sessions began when one single mosquito was placed in the starting chamber.
413
The mosquito then flew along the entry tube and, at the central chamber, could choose to enter 414 one of the olfactometer arms, one emitting the trained stimulus and the other the "clean air" 415 (solvent only) control (12). We considered the first choice made by mosquitoes when they 416 crossed the entry of an arm. Mosquitoes that did not choose or did not leave the starting chamber 417 were considered as not responsive and discarded from the preference analyses. Overall, 68.5% of 418 the females were motivated to leave the starting chamber of the olfactometer and choose between 419 the two choice arms. In addition, four treatments were used to ensure that contamination did not 420 occur in the olfactometer and to test mosquitos' responses to innately attractive or aversive 421 stimuli. Untrained "naive" mosquitoes were placed in the olfactometer and exposed to either: (1) two artificial feeders containing heparinized bovine blood, warmed up to 37° C, were positioned.
433
One feeder was treated with the CS odour (pipetted onto a Kimwipe (Kimberly-Clark 434 professionals, Roswell, GA, USA) surrounding the feeder), while the control feeder (odourless) 435 was treated with the solvent only (i.e. MilliQ water). Two video cameras (Model C615, 436 Logitech, Newark, CA, USA) were used to record mosquitoes' activity at each feeder over the 437 course of the experiment (25 min duration) ( Fig. 2A ) and the total number of landing, piercing 438 and feeding events was counted for each feeder. The position of the feeder associated with the 439 CS odour was randomized in order to avoid any potential spatial bias. Tethered flight 440 experiments are described in the supplementary information.
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Interrogation of dopamine pathways in the mosquito brain 443 To evaluate the impact of dopamine on mosquito olfactory learning, we used three different 444 approaches: 1) dopamine receptor antagonist injections; 2) knockdown of DOP1 using RNA 445 interference and 3) modification of DOP1 using the CRISPR/Cas9 method (see supplementary 446 information for details). 
